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ABSTRACT 
In the conventional bronze technique of  manufacturing Nb_Sn 
superconducting wires, a composite bronze-niobium billet is hot 
extruded, and drawn down to a fine wire.  This study examined cold 
hydrostatic extrusion as an alternative process. 
The first objective was to assess the merits of cold hydro- 
static extrusion as an alternative metal forming process and to 
compare it with conventional wire drawing. 
A series of ,\Tb„Sn monofi lamentary wires was prepared by 
cold hydrostatic extrusion.  Another series of conductors was 
prepared by wire drawing.  These wires had identical materials, 
dimensions, bronze-to-niobium ratios and diffusion treatment 
as the extruded wires. 
A direct comparison showed that cold hydrostatic extrusion 
can serve as a good alternative to the wire drawing technique 
of manufacturing Nb Sn wires because cold hydrostatic extrusion 
reduces the number of processing steps, i.e. fewer passes and 
fewer intermediate anneals. 
The second objective was to evaluate important superconducting 
properties of the hydrostatically extruded samples.  The effect 
of strain on critical current density, J  at 4.2K and 8T was 
c 
examined.  The strain tolerance of cold hydrostatically 
extruded wires was comparable with the drawn material.  All J 
c 
ri   6       2 
values fell in the 10 -10 amp/cn range. 
The effect of a magnetic field on critical current density 
.J  at 4.2K of cold hvdrostat i ca 1 1 v extruded wires compared 
c ' ' 
favorably with the published literature. 
Supplementary observations of the bronze-niobium interface, 
the Nb„Sn growth rate and the microhardness of the constituents 
were carried out.  These properties were similar in the cold 
hydrostatically extruded and wire drawn specimens. 
1.  INTRODUCTION 
1.1  Superconductivity and its Applications 
Superconductivity was discovered in 1911 by the Dutch 
investigator Kamerlingh Onnes.  When examining the electrical 
resistivity of pure mercury at low temperatures,he observed that 
the resistivity instead of decreasing continuously as expected 
upon cooling, vanished abruptly at 4.15K. 
Since then a quarter of the elements and over 1000 alloys 
and compounds have been found to be superconductors [1].  However, 
the superconducting property i.e.  loss of electrical resistivity, 
of Type I superconducting materials is  evident only when the 
temperature T, applied magnetic field II,   and current density J 
arc all simultaneously below critical values T , H , and J 
c  c      c 
respectively.  Type II superconductors encounter a further 
restraint - they are completely superconducting below H ., but 
exist in a mixed state between the upper critical magnetic field 
H 9, and the lower critical magnetic field H   (Fig. 1). 
The major application of these superconductors are in the 
form of wires wound into solenoids to generate large magnetic 
fields.  Large refers not only to the magnetic field intensity 
but also to the volume over which it is generated.  They are 
considered to be an attractive alternative to conventional 
thick copper cables because of their ability to handle 
extremely large current densities.  An iincooled copper cable has 
6   2 
a maximum rating of 2 x 10 A/m , which can be increased to an 
8    "* 
overall value of 10 A/m" if forced cooling is utilized.  Present 
9     11    2 day superconductors are capable of carrying 10 to 10  A/m 
in the conductor itself, which is reduced to 10 to 10  A/m" 
overall because of the need for stability and mechanical reinforce- 
ment [2].  These high current densities allow the construction of 
lighter and more compact magnets.  The reduced power requirements 
of the superconducting magnet as compared to the copper cable 
magnet are also an added attraction, but this has to be balanced 
against the power consumed to keep the superconductor at very 
low operating temperatures. 
One realm of inquiry where such strong superconducting magnets 
have proved particularly useful is in the physics of elementary 
particles - examples include the bubble chamber at the European 
Organization for Nuclear Research, and the synchrotron being 
constructed at Fermi lab. 
Large superconducting magnets have a number of potential 
applications in the electric power industry [3].  One application 
is the generation of power by the magnetohydrodynamic (MUD) 
technique.  A magnet built by the Argonne National Laboratory 
for a MUD generator is being tested at present [4]. Work is being 
done by Westinghouse in a joint program with the Electric Power 
Research Institute to build a superconducting Mb Sn alternator. 
A power transmission line [5] is being assembled at Brookhaven 
as a demonstration project.  It has not yet found commercial 
application because transmission through the superconducting 
cable becomes economical only at very high power levels, somewhere 
9      10 between 10" and 10  watts.  Many other superconducting programs 
being studied in the U.S. are discussed in Kef. 6. 
1.2  Requirements of a Superconducting Wire 
Since one of the basic requirements of a superconducting wire 
is to carry very large currents, it must be made of a material 
that can transmit a large current density ,J.  This is supplemented 
by other requirements - a high value of the upper critical 
magnetic field H „, is desirable since the material operates under 
a very strong self generated magnetic field.  Further,to minimize 
the cost of refrigeration it is beneficial to be able to operate 
at as high a temperature as possible.  This requires that the 
superconductor has a high critical temperature T , particularly 
since to some extent J and H _ are directlv dependent on T . 
c     c2 ' c 
Since the 1960's a number of materials have been discovered 
that satisfy the criteria for high current, high field operations. 
Fig. 2 shows H ., versus T curves for various superconducting 
compounds.  Materials likePb,  Mo_ ,S,, Nb„Al, Nb„Ge, and 1.05.16    j      j 
Nb Ga are very difficult to fabricate into superconducting wires 
even though they have a very high value of T and H n   [2].  Only c     c *. 
Nb_Sn and NbTi have emerged as workhorses of the superconducting 
magnet technology.  F.vcn though NbTi is cheaper and easily 
available in a wire form, Nb Sn is starting to be used in 
preference to NbTi because it can carry a higher current density 
and can operate at fields much higher than 10 teslas. 
Other than the intrinsic material properties of the super- 
conductor, the superconducting wire should satisfy a few more 
requirements.  The conductor must be stable  i.e. it should not 
revert back to its normal resistive state under slight fluctuations 
of T, H or J.  To achieve this the superconductor must be small 
in at least one dimension, that parallel to the flux motion, so 
that heat generation due to flux movement can be prevented. 
Furthermore, it should be associated with a good thermal and 
electric conductor such as copper,which can carry the heat away 
and carry the current temporarily till a localized resistive 
region reverts back to its superconducting state. 
The wire should also be mechanically sturdy because large 
stresses act on the solenoid.  A Lorentz force arising due to 
the interaction between the current and magnetic field, leads to 
a hoop stress that has to be counteracted by the tension in the 
windings. 
One factor which has limited the rapid development of N'b_Sn 
wires is the understanding of the degradation of its superconducting 
properties under strain  [7,3,9].  This is important since \b_Sn 
is a vcrv brittle compound.  Strains arise in the brittle N'b_Sn 
superconducting wires during handling, braiding, cabling and 
winding operations.  In addition during operation strains are 
introduced by electromagnetic and thermal forces.  To evaluate 
this degradation phenomenon, Suenaga, Luhman et al. [7] measured 
the effect of tensile strain on critical current density J  and 
c 
critical temperature T   (I:ig. 3).  They found that in all cases 
the application of a tensile or bending strain applied at liquid 
helium temperature led to an initial increase in .) , followed bv 
c 
a degradation at higher strains.  The explanation of this behavior 
is that since the bronze matrix has a larger coefficient of thermal 
contraction than the \b,Sn or niobium core, the bronze sleeve 
places the Nb Sn layer in compression when cooled down to the 
operating temperature of liquid helium.  (a.      - 16x10  K  , i     t>   i -i pronze 
a... „  ~ 7x10  K  , a... - 7x10  K  ).  The larger the bronze \b,Sn Kb 
sleeve/niobium core ratio, the greater the compressive stress 
developed on the Nb^Sn layer. 
As Fig. 3 shows, applied tensile stress relieves the 
compressive prestresses, thus increasing J and T to a maximum 
point where there is no net strain.  Beyond this the superconducting 
properties again drop off due to a net tensile strain. The 
foregoing information suggests that NTb..Sn magnets be designed so 
their hoop stress balance the conductor's internal compressivc 
prestress. In this way a maximum critical current is evident. 
Furthermore, a strain margin of a few tenths of a percent tensile 
and compressivc would exist before significant critical current 
degradation occurs. 
1.3 Methods of Manufacturing Nb,Sn Superconducting Wires 
Manufacturing processes include the insitu technique [10], 
liquid solute diffusion [11], chemical vapour deposition [11] and 
the bronze technique.  The bronze technique has been developed 
extensively in the last few vears for Nb,Sn multifilamentarv 
conductors. 
The commercial bronze process [12] initially involves 
drilling holes into an end of the starting tin-bronze ingot, and 
inserting niobium rods to make a starting composite billet 
(Fig. 4).  This assembly is hot extruded and/or drawn to a rod 
with a hexagonal crossection.  These rods in turn, are assembled 
to form a large billet which is again hot extruded and drawn. 
The cycle of assembly and reduction is carried out alternately 
until a rod with the required number of filaments is obtained. 
This rod is then drawn many times to obtain a suitable multi- 
8 
filamentary wire.  Numerous intermediate anneals arc required 
between passes since the bronze strain hardens rapidly.  Finally 
a diffusion anneal is given to produce superconducting Nb„Sn at 
the niobium-bronze interface. 
The above described conventional 'bronze' process has a few 
limitations.  Since the method involves a number of conventional 
hot extrusions at about 7S0°C and numerous long intermediate 
anneals at 450-500°C, there is considerable diffusion at the 
bronze-niobium interface leading to the premature formation of 
brittle Nb,Sn.  According to Rcf. 12 a 0.1 micron laver of Nb,Sn 
is formed at 700°C in 24 minutes.  This is of real concern when 
very fine filaments are formed.  With subsequent deformation, 
microfissures may be formed in the brittle Nb,Sn layer, causing 
a degradation of superconducting properties.  Furthermore, this 
wire drawing process is very lengthy because only small reductions 
in area per pass are obtainable and these passes are interspersed 
with very frequent intermediate anneals. 
The process of cold hydrostatic extrusion is an alternate 
method of manufacturing Nb„Sn superconducting wires [13].  The 
pressure for extrusion is applied through a fluid which surrounds 
the billet - this fluid prevents contact between the billet and 
the chamber. 
Cold hydrostatic extrusion can partially overcome the above 
mentioned problems associated with the conventional hot extrusion/ 
drawing technique.  Since large reductions arc obtainable at 
room temperature and fewer intermediate anneals are necessary, 
the formation of premature brittle Nb Sn can be reduced and the 
lengthy processing can be shortened. 
A comparison of process economies has been made by Smith et 
al. [14].  Larger length to diameter ratios are possible with 
hydrostatic extrusion than conventional extrusion because billet- 
chamber friction is eliminated.  The study shows that this factor 
leads to a higher yield per pass.  The cumulative product of the 
higher yield over many passes,leads to a much higher overall yield 
in hot hydrostatic extrusion as compared to conventional extrusion. 
This can lead to substantial savings in material costs. 
Another distinct advantage as discussed by Breme and Massat 
[15] is the degree of uniform mixing of the components (niobium, 
bronze and copper) of the composite billet.  The process of 
hydrostatic extrusion enables the achievement of a very uniform 
deformation of the components as compared to drawing.  After 
hydrostatic extrusion the shape of the niobium nuclei on the 
edge of the multifilamentary wire is the same as in the middle 
but after drawing the nuclei in the edge zone show a greater 
degree of distortion than the ones in the middle.  This points 
10 
to the non-equivalent nixing during drawing as opposed to 
hydrostatic extrusion. 
Hydrostatic extrusion equipment can he quite expensive since 
it has to safely withstand pressures up to 1,400 MPa.  The 
Battelle report [16] examines the feasibility of transferring 
this hydrostatic extrusion technology to industry.  They show 
that it is possible to convert existing medium size extrusion 
presses (30-60 MN capacity) to hydrostatic extrusion units by 
designing and constructing a new container and stem to withstand 
the extrusion pressures, and by installing the necessary seals 
and dies.  Battelle's work has been directed towards hot 
hydrostatic extrusion. 
The hydrostatic extrusion process has a number of other 
limitations [17] inherent with using high pressures that include 
the stick-slip phenomenon, free extrusion, leakage problems and 
design consideration.  These are discussed on pages 18-20. 
1.4 Objective 
There were two major objectives: 
1.  Manufacture of Nb Sn monofilamentary wires by the 'bronze' 
technique:  This part of the investigation was to assess 
cold hydrostatic extrusion as an alternative metal forming 
process and to compare it with conventional wire drawing 
11 
as a method of manufacturing Nb_Sn monofilamentary wires. 
A cold hydrostatic extrusion technique was used to prepare 
Nb_Sn bronze-processed monofilamentarv wire having bronze-to- 
niobium ratios of 2.25, 4.00, 9.00 and 17.75.  Using like 
starting materials, another scries of conductors were prepared 
by conventional cold drawing.  The metal forming schedule was 
evaluated.  This included reductions per pass, frequency of 
intermediate anneals, capabilities and limitations of each 
method. 
Superconducting and other physical properties of Mb Sn 
monofilamentary wires:  Major physical properties of the 
hydrostatically extruded monofilamentary Nb Sn wires were 
compared with the properties of drawn monofilamentary Nb Sn 
wires. 
The crucial factor that determines the commercial 
applicability of hydrostatically extruded Nb Sn wires are 
its superconducting properties.  Since the basic function of 
the wire is to carry large currents, J at 4.2K as a function 
of strain and magnetic field was evaluated. 
The characteristics of the bronze/niobium interface are 
of great importance since the superconducting Nb Sn nucleates 
and grows there by diffusion.  Optical and scanning electron 
12 
microscopes were used to examine the interface before and 
after the diffusion anneal.  The M)_Sn growth rate was then 
.■> 
measured.  To supplement this study, microhardness of the 
constituents were measured before and after the diffusion. 
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2.  MANUFACTURE OF MONOFILAMENTARY Nb,Sn SUPFRCONDUCTING WIRES 
.■>  
2.1  Procedure 
2.1.1  Material Specifications 
Bronze:  (Cu - 13wt1> Sn) The alloy was cast into a 15.5 mm. 
diameter rod and then homogenized for 6 hours at 750°C and at 
-0.27 Pa.  It was then swaged down to 12.7 mm., after which it 
was given an anneal for 30 minutes at 540°C and at ~"0.27 Pa. 
Next it was swaged down to a 10.7 mm. rod and given an identical 
anneal.  Finally it was swaged to the required diameter of 
9.5 mm.  At this stage it had a hardness of 102 R .  The rod 
was then solution treated.  It was held at 760°C for 1 hour 
and then water quenched.  This gave a hardness of 45 R . 
The solution treatment was much more effective in reducing 
the hardness as compared to furnace cooling because the ; and * 
phases were maintained in solution during the quench (Fig. 5). 
A period of 1 hour at 760°C was chosen because a shorter 
period gave a higher hardness which allowed for only a small 
reduction per pass, and a longer period gave excessively large 
grains without a compensating decrease in hardness. 
Niobium:  (99.85" purity) Niobium rods to be used for the core 
were swaged down to the required diameters and then vacuum 
annealed (~1.33xl0~4Pa) for 4.5 hours at 1200°C. 
14 
2.1.2 Hydrostatic Extrusion 
Billet Assembly:  A 38 mm. piece was cut from tlie solution 
treated 9.53 mm. diameter bronze rod.  One end of the rod was 
machined to give a cone that fitted into the die, while a hole was 
drilled through the center of the other end to a depth of 25 mm. 
The hole was thoroughly cleaned with ethanol.  Next the niobium 
rod was polished with "600 emery paper and cleaned with ethanol. 
This rod was inserted into the bronze sleeve to give a tight fit. 
Finally the billet was capped with a flat copper cap using an 
epoxy resin [18]. 
Fig. 6a shows a section view through the assembled billet. 
Equipment:  The Model 6 Monoblock Fluid Extrusion Unit (Fig. 7) 
at the Institute for Metal Forming, Lehigh University was used to 
hydrostatically extrude the bimetallic billets.  This hydrostatic 
extrusion unit had a 356 mm. long chamber and an inner diameter 
of 12.7 mm.  It could withstand a maximum safe pressure of 1,379 MPa, 
To contain such high pressures, a Bridgman seal or a mitre ring/ 
0-ring seal was used. 
Before setting the billet in the die, its tapered end was 
coated with a thin layer of beeswax by dipping it into a molten 
bath of wax.  The wax coating helped form an inital seal between 
15 
the billet and the die. The motive fluid used in the hydrostatic 
chamber was 'Crisco' vegetable oil, which did not degenerate at a 
pressure of 1,379 NIP a and thus was reusable. 
The compressive load on the ram was applied by a 60,000 lb. 
Baldwin Universal Testing Machine.  A deflectometer was connected 
to a strip recorder that plotted the ram displacement versus the 
applied load.  An overall view of the equipment is shown in Fig. 8. 
2.1.3 Wire Drawing 
Billet Assembly:  A 140 mm. piece of 9.53 mm. diameter bronze 
rod was required for each billet.  As in the case of the assembly 
of a hydrostatic extrusion billet (pg. 15), a 50 mm. niobium rod 
was polished, cleaned and then inserted into one end of the rod. 
This end was capped with silver solder.  The front 50 mm. was 
swaged down such that it could pass through the die and could be 
gripped by the drawing arm.  Fig. 6b shows a section view through 
the assembled billet. 
Equipment:  The wires were drawn using the Waterbury Farrell 
draw bench at the Institute for Metal Forming, Lehigh University. 
'Master Draw' from I:tna Products Inc. was found to be an effective 
lubricant. 
16 
2. 2  Results and Discussions 
2.2.1  Metal Forming Data I-valuation and Comparison 
Some monofi lament a ry wire products are shown in Fig. «.). 
Four different sets of bimetallic wires were made, each 
having a different bronze to niobium ratio.  The dimensions are 
*  given in Table 1. 
Table 2 shows the pass schedule used to manufacture the 
monofi lamentary wires by cold hydrostatic extrusion.  If a 40°., 
reduction in area was not obtainable, the wire was given a 
standard intermediate anneal for 20 min.  at 450°C in a protective 
argon gas furnace. 
Table 3 shows the pass schedule used to manufacture the 
monofi lamentary wires by wire drawing.  If a 15-20°. reduction in 
area was not obtainable the wire was given a standard intermediate 
anneal for 20 min.  at 450°C in a protective argon gas furnace. 
Important data from Table 2 and 3 are compared in Table 4. 
In both hydrostatic extrusion and wire drawing the initial billet 
had a diameter of 9.53 mm. and the final wire a diameter of 
0.6071 mm. - a total reduction in area of 99.6°<,. 
While the wire drawing process required 25 passes averaging 
17 
19°o reduction in area per pass, the cold hydrostatic extrusion 
process required 10 passes averaging ■10eo reduction in area per 
pass.  Furthermore,the wire drawing technique needed 13 intermediate 
anneals as compared to only 4 when cold hydrostatic extrusion 
was used. 
The direct comparison definitely shows that the cold hydro- 
static extrusion technique can serve as a good alternative to the 
conventional wire drawing technique of manufacturing bronnc/niobium 
composite wires because it allows for a shorter processing procedure 
i.e. fewer passes and fewer intermediate anneals [18]. 
But for a critical evaluation of the cold hydrostatic 
extrusion process, the superconducting properties of the 
hydrostatically extruded wires have to be compared with those 
of the drawn wires.  This is examined in section 3. 
2.2.2  Difficulties Encountered During Hydrostatic Extrusion 
Problem 1:  Quite often fluid pressure would not build up 
if fluid leaked between the billet and the die.  To prevent this 
leakage, the tapered end of the billet had to be shaped so that 
it fitted into the die to form an effective seal. 
Rigid billets (diameter > 5 mm.) were machined on the lathe 
to form a conical head. However, the front ends of wires having 
diameters between 2.5 mm. to 5 mm. were swaged to give symmetrically 
18 
tapered cones.  The important point to note is that the cone need 
not match the semi cone angle of the die, but it should he 
symmetrical so that it makes a ring of contact with the die. 
The nose  of fine wires having diameters of 0.76 mm. to 2.5 mm. 
could not be machined or swaged.  A suitably designed holder with 
small jaws was used to grip the wire on the lathe.  A tapered 
head was formed by lightly filing away the tip as it rotated. 
However, a mini-swaging machine would simplify the nose-forming 
operation for fine wires. 
Problem 2:  The stick slip phenomena is characterized by 
Fig. 10.  An initial pressure peak exists because the high 
coefficient of static friction between the billet and die has to 
be overcome.  As the billet extrudes hydrodynamic lubrication 
sets in which causes a sudden increase in the extrusion velocity. 
This causes a sudden drop in the fluid pressure which in turn 
brings the extrusion to a sudden halt.  The cycle is then repeated. 
To overcome this phenomenon tlie volume of fluid in the chamber was 
increased.  Ref. 17 discusses other methods of overcoming the 
stick slip phenomena. 
Problem 3:  A dangerous situation encountered a few times 
was the loss of control over the extrusion rate, resulting in a 
phenomenon known as 'free extrusion.'  The billet sometimes 
picked up speed and shot out of the chamber like a bullet.  One 
method found to control the speed of extrusion was to 
19 
reduce the volume of fluid.  This was accomplished by inserting 
spacers between the chamber and billet.  The spacers filled up 
the chamber but did not hinder the movement of the billet.  The 
tendency for free extrusion was thus minimized, since the total 
compressed energy stored in the oil was reduced   (Tig. 11a). 
Hven if the billet picked up speed, free extrusion was prevented 
by leaving a large conical head on the back of the billet.  Since 
the conical head was too large to be extruded, it formed an 
effective seal with the die, thus bringing the extrusion to an 
abrupt stop.  It was found necessary at times to glue an artificial, 
machined head of copper to the rear end of the billet.  Fig. lib 
shows a natural conical head and Fig. lie illustrates the use of 
an artificial head. 
Problem 4:  Since Nb„Sn nucleates and grows at the niobium- 
bronze interface, it is very necessary to keep this interface 
extremely clean.  By capping the end of the billet with a copper 
cap the infiltration of pressurized oil into the niobium-bronze 
interface was prevented and the cap also prevented the niobium 
from being squeezed out of the back of the billet during the 
extrusion. 
2.2.3 Difficulties Encountered During Wire Drawing 
Problem 1:  Before each draw, the front section of the wire 
needed to be gripped by the drawing arm.  For rods having 
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diameters between 5.2 mm. and 4.5 mm.,the front 1 DO mm. section was 
swayed down so as to just fit through the die.  Wires of smaller 
diameters used to fin if swayed.  The front of these wires (1.27 mm. 
to 3.18 mm. diameter) were reduced by grooved rolls.  Since it was 
difficult to accurately machine very small grooves on to the rolls, 
the front section of fine wires (less than 1.27 mm. diameter) had 
to be reduced by gradually etching away the bronze sleeve.  The 
etchant used was an equal volume mixture of concentrated nitric 
acid and mcthanol. 
It was preferable to deform the front section rather than 
etch it away because the latter weakened the composite by 
gradual removal of the bronze. 
Problem 2:  The weakest point in the composite was the front 
interface AA' (Pig. 6b) between the niobium and bronze.  The gap 
between the niobium's front surface and the bronze surface would 
grow as the billet was reduced in crossection, finally leading 
to a transverse failure.  This was overcome by gripping this 
front interface before it failed so that no tensile stress acted 
on it. 
Problem 3:  During the first few draws when there was no 
bonding between the niobium and bronze, the niobium tended to be 
squeezed out from the back.  Capping the back with silver solder 
worked effectively. The silver solder being ductile did not crack 
and fall off after every pass. 
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3.  SUPERCONDUCTING PROPERTIES 
3.1  Effect of Tensile Strain on Critical Current Dcnsitv J at 4.2K 
■- c  
3.1.1  Procedure 
The superconducting tests were carried out at the Brookhavcn 
National Laboratory.  The wire to be heat treated at 725°C was 
encapsulated in an evacuated (2.6x10  Pa) quartz tube.  It was 
essential to have the wire straight while heat treating so as to 
prevent any strain developing when mounting the wire on the Instron. 
A sample length of 30 cm. was used. 
The critical current and strain measurements at 4.2K were 
made in situ using an Instron 10,000 lb. tensile testing machine [19] 
A strain gauge using Cu+2wt"o Be deflection bars was used, and the 
strain measurements were accurate to within +_ 0.011. 
Load-strain curves were plotted on an x-y recorder (Fig. 12). 
At a particular strain e.g. B, the critical current density J 
was recorded on a separate chart.  Next the applied load was 
released and J  was measured under the residual plastic strain B'. 
c ' 
This procedure of loading and unloading was repeated till the 
critical current had degraded considerably. 
The Nb Sn wire was assumed to have changed from its super- 
conducting state to its normal resistive state when luV developed 
T> 
across it.  This is a standard criterion which has been used for 
years at Brookhavcn. 
3.1.2 Results and Discussion 
Fig. 13 shows the effect of applied strain and residual plastic 
strain on the critical current density J , for a hydrostatically 
extruded sample having a bronze to niobium ratio of 4:1.  This 
curve is representative of all the tested wires. 
Till F.', .J under residual plastic strain is higher than J 
c ' ' c 
under applied strain.  For example, points B', C , I)1 and F' are 
above the curve A-B-C  [20], 
Beyond point E1, permanent irreversible degradation of J 
takes place which causes J under residual plastic strain to be i c i 
less than the J  under an applied strain.  For example, F' drops 
below the curve.  The strain at which such irreversible degradation 
deg 
of J  takes place is denoted bv c,  . 
c      ' J 
c 
The study by Luhman et al. [7] showed that at strains less 
than e  , fine cracks were observed at irregularities in the 
c 
Nb Sn layer but these cracks did not traverse the complete layer 
thickness.  They showed that irreversible degradation set in when 
the cracks traversed the entire Nb Sn layer thickness. 
Further examination of Fig. 13, shows large variations of J 
can occur with straining.  These variations are caused by internal 
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strains on the NTj,Sn compound.  Since the coefficient of expansion 
of niobium and Nb.Sn (-7x10  K  ) is lower than that of bronze 
(-16x10  K  ), the N'b.Sn is placed under compress ion.  Application 
mix 
of a tensile strain relieves this compressive prestrain till c / 
c 
at which point there is no net strain.  Beyond this, a net tensile 
strain accounts for the decrease in J . 
c 
Fig. 14 i1lustrates the effect of  the bronze-to-niobium ratio 
max   max . . • i ■..    »      .. •   c  ,n  ^       c^ on c,  .  c.   increases until it reaches a ratio of 10:1, after 
c     c 
which it drops slightly.  Raising the bronze-to-niobium ratio 
increases the compressive prestrain which in turn is reflected 
m 
1 by a higher value of t,  .  As Fig. 14 shows, wires prepared by 
c 
both techniques, i.e. hydrostatic extrusion or wire drawing, have 
•  i    ,      i .   .  r max similar values and trends of c. 
' c 
Fig. 15-18 compares the strain tolerance of hydrostatically 
extruded samples with drawn samples having the same dimensions, 
bronze-to-niobium ratio, composition and diffusion treatment. 
J measurements were made at 4.2K and ST.  In Figs. 15 and 17 the 
c 
wire drawn samples have better current carrying capacities, while 
in Figs. 16 and 18 the hydrostatically extruded wires have a higher 
5  6      2 
J .  All the J values under strain fall in the 10 -10 amp/cm 
c c 
range.  These values compare favorably with those published in the 
literature [11].  Overall the current carrying capacity of hydro- 
statically extruded monofilamentary Nb Sn wires under strain are 
comparable with wire drawn samples. 
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3.2 J at 4.2K in a Magnetic Field 
 c b  
Tor cold hydrostatica1ly extruded wires, the effect of a 
magnetic field on .)  at 4.2K is presented in Table 1.  This, 
too, compares well with published work [11]. 
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■1.  PHYSICAL PROPLRTIFS 
4.1  Interface Examination 
Longitudinal and transverse sections of a few specimens were 
examined.  At low magnifications the bimetallic specimens were 
found to have a concentric niobium core which had a uniform diameter 
throughout the specimen   (Fig. 19). 
At higher magnifications the bronze-niobium interface was 
found to be very irregular which was a sign of good mechanical 
bonding between the bronze sleeve and the niobium core   (Fig. 20). 
Further examination showed a rare occurencc of an inclusion 
or fissure at the interface.  Only the drawn wire with a bronze 
to niobium ratio of 17.75 consistently showed a partially cracked 
inter fa c e. 
•1.2  Mb Sn Growth Rate 
Superconducting Mb,Sn is formed by diffusion at the bronze- 
niobium interface.  This investigation was to determine the Nb Sn 
3 
growth rate and to examine whether this rate depends on the bronze- 
to-niobium ratio or is dependent on the technique used to manu- 
facture the bimetallic wires, i.e.  hydrostatic extrusion or 
wire drawing. 
4.2.1  Procedure 
Five groups of specimens were encapsulated separately under 
a vacuum of ~1.3 x 10  Pa.  Hach group consisted of eight specimens 
four drawn wires of bronze-to-niobi urn ratio of 2.25, 4.00, 9.00, 
17.75 and four hydrostatica11y extruded wires of bronze-to-niobiurn 
ratio of 2.25, 4.00, 9.00 and 17.75. 
The diffusion treatment was given at  725°C for 3, 10, 24, 
4 8 and 100 hours. 
Transverse sections of the specimens that had been diffusion 
treated were prepared for examination under the HTEC Corporation's 
Autoscan electron microscope.  (Note: Very limited use of the 
polishing wheel is recommended for such small specimens because 
excessive polishing causes the edges and interface to wear out 
faster than the rest of the sample.  This leads to a curved 
specimen which never lies on a single plane of focus.) 
The scanning electron microscope had a magnification system 
that showed a magnification of 4000 even though the real magnif- 
ication was anywhere between 4000 and 4999.  To overcome this 
problem, monodisperse polystyrene balls having a diameter of l.lum 
were used as a standard measure.  (Standard deviation of the balls 
= 0.0055um). The balls were mixed with water to give a mixture 
having 0.81 volume of solid balls.  A drop of this mixture was 
placed on the specimen and then a tissue was used to absorb most 
of the liquid.  The samples were then carbon coated before exam- 
ination under the scanning electron microscope. 
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Figure 21 shows a characteristic scanning electron microscope 
shot of the interface.  The layer thickness in each case was 
measured by enlarging the negative on a photo cnlarger.  The layer 
was traced out and the size of the ball measured. 
Since the interface was very irregular,the average thickness 
was evaluated using a graphics computer program.  This program 
gave the area 'A1 of the layer and the length 'L' of the median 
line through the layer.  The average thickness of the diffused 
layer was A/L. 
■1.2.2 Results and Discussion 
Careful examination of the interface showed it to be very 
irregular with variations in the thickness of  the Nb„Sn layer. 
The Nb_Sn - bronze interface was much more irregular than the 
Nb„Sn -niobium interface. 
An optimum magnification was used that would allow the Nb Sn 
layer to be clearly visible and still not focus in on too localized 
a region. 
Table o compares the average thickness of different samples 
given a diffusion for 24 hours.  No characteristic trend is present, 
but all the values fall within a narrow range.  This was also the 
case for specimens given diffusion treatments of 3, 10, 48 and 
100 hours. 
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Rvcn if the growth rate is dependent on the bronze-to- 
niobium ratio or on the manufacturing technique it is not very 
noticeable.  This dependence, if any, is not observable because 
measurements had been made on a very irregular interface and 
because the Nb.Sn layer was not uniform. 
Figure 22 shows the average growth rate with the error bars 
showing the range of values obtained for the eight different 
specimens in each set.  The data compared favorably with those 
in Ref. 11. 
These results were checked to see if there was a parabolic 
relation between the layer thickness and time of diffusion, as in 
the case of bulk diffusion limited ones.  But the relation does not 
seem to be parabolic.  A relation is given by Suenaga et al. [2l]. 
d a t   where 
d = layer thickness 
t = time 
0.3 <_  m <_ 0.4 
The authors noted that this relation is not exactly parabolic 
because of the effect of depletion of Sn from the matrix as the 
Nb Sn layer grows or because the growth mechanism is a combination 
of bulk and grain boundary diffusion. 
4.5 Microhardness Evaluation 
Microhardness measurements were taken across transverse 
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sections of the bimetallic specimens.  A 16 gm. load was applied. 
This gave indentations that were large enough to he measured 
accurately, but still small enough so that a number of indentations 
could be made across the specimen.  The load was applied for 
5 seconds. 
To reduce the error, indentations were not made very close 
to the interface or edge of the specimen.  Any irregular 
indentations were discarded. 
Vickcrs Diamond Pyramid Hardness (VDPII) 
6.1087 x lO4 x load   .  ,  2 
= ^  kg/mm 
(diagonal length)" 
where 
load in gms. 
diagonal length in standard units (1 unit = 0.165um) 
as measured using the Reichcrt microscope with a 
microhardncss attachment. 
4.3.1  Microhardncss before diffusion 
The microhardncss of the bronze sleeve and niobium core in 
the final 0.6071 mm. diameter bimetallic wires was measured. 
Neither the metal forming technique i.e. hydrostatic extrusion 
or wire drawing, nor the bron:e-to-niobium ratio was found to 
effect the final microhardness. 
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The bronze sleeve showed an average VDPH of 214 kg/mm" up 
-> 
from   105  kg/mm"  before  any deformation.     The  niobium's  VDPH 
2 2 increased   from  67  kg/mm"   to   147  kg/mm".     Die  wire  had  work 
hardened. 
4.3.2 Microhardness after diffusion 
The microhardness of samples having bronze-to-niobium ratio 
of 4:1 were examined as a function of diffusion time at 725°C. 
Measurements were made after-3, 10, 24, 48 and 100 hours. 
The microhardness dropped within 3 hours after which there 
was no appreciable change.  There was no drop in hardness beyond 
3 hours because the grain size had grown to be larger than the 
indentation size. 
The microhardness of the bronze sleeve dropped from an average 
2 "* 
of 206 kg/mm" to 103 kg/mm", while the niobium's hardness dropped 
from an average of 149 kg/mm*" to 102 kg/mm". 
The Nb Sn in the sample given a diffusion for 100 hours gave 
a microhardness of 755 kg/mm" - about 7 times greater than the 
bronze sleeve or niobium core. 
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5.  CONCLUSIONS 
Based on the experimental results obtained in the present 
investigation, the following conclusions can be drawn: 
1. As compared to the conventional wire drawing process of 
manufacturing Nb Sn superconducting wires, cold hydrostatic 
extrusion shortened the manufacturing process by reducing the 
number of passes and intermediate anneals. 
2. The effect of strain and magnetic field on the critical 
current J  for the cold hvdrostatical 1 v extruded wires was 
c 
comparable with the wire drawn material.  The measured data 
compared favorably with the published work. 
3. Interface characteristics, Nb„Sn growth rate and microhardness 
values of the hvdrostatically extruded and wire drawn samples 
were found to be similar. 
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T 
Y 
i 
Billet 
Initial 
Diameter  'Y' 
of Bronze  (mm) 
Initial 
Diameter  'X' 
of Niobium (mm) 
Crossectional  Area 
Ratio of Bronze 
to Niobium 
A 9.53 6.35 2.25 
B 9.53 4.76 4.00 
C 9.53 3.18 9.00 
D 9.53 2.26 17.75 
TABLE 1  DIMENSIONS OF THE ORIGINAL 
BRONZE CLAD NIOBIUM BILLETS 
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Draw No. Diameter before 
the draw (mm) 
Diameter after 
the draw (mm) 
Redn.   in area (O 
1 
2 
3 
4 
9.53 
8.33 
7.34 
6.53 
8.33 
7.34 
6.53 
5.92 
23 
22 
21 
18 
••"Intermediate Anneal 
5 
6 
7 
5.92 
5.16 
4.42 
5.16 
4.42 
3.96 
24 
27 
20 
Mntermediate Anneal 
8 
9 
3.96 
3.51 
3.51 
3.18 
22 
18 
Mntermediate Anneal 
10 
11 
3.18 
2.87 
2.87 
2.54 
18 
22 
Mntermediate Anneal 
12 
13 
2.54 
2.28 
2.28 
2.05 
19 
19 
Mntermediate Anneal 
14 
15 
2.05 
1.85 
1.85 
1.66 
19 
19 
Mntermediate Anneal 
16 
17 
1.66 
1.49 
1.49 
1.34 
19 
19 
Mntermediate Anneal 
18 
19 
1.34 
1.21 
1.21 
1.09 
19 
19 
Mntermediate Anneal 
20          1             1.09 0.978 19 
Mntermediate Anneal 
21 0.978 1           0.881 19 
Mntermediate Anneal 
22 0.881 0.793 19 
Mntermediate Anneal 
23 0.793 0.711 1               19 
Mntermediate Anneal 
24                       0.711 0.645 18 
Mntermediate Anneal 
25                       0.645 0.607 11 
total  no. 
of draws 
Initial  diameter Final  diameter Total   redn. 
25 9.53 0.607 99.6 
Mntermediate anneal for 20 minutes at 450°C in an argon gas 
furnace. The wire was air cooled after the anneal. 
TABLE 3 DATA ON THE WIRE DRAWING OF BRONZE CLAD NIOBIUM BILLETS 
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Hydrostatically extruded sample 
Bronze to niobium ratio = 9 
Diffusion treatment: 24 hours at 725°C 
Applied Magnetic 
Field (tesla) 
Jc at 4.2K under the   ~ 
applied magnetic field (A/cm ) 
6 
8 
1.15 x 1(T 
6.4 x 10' 
TABLE 5  EFFECT OF A MAGNETIC FIELD ON J AT 4.2K 
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Nb-Sn Layer Thickness  (microns) 
BronzerNiobium Ratio o 
Hydrostatic Extrusion Wire Drawing 
2.25 3.58 3.03 
4.00 2.96 3.35 
9.00 2.41 3.47 
17.75 3.94 Cracked Interface 
TABLE 6 Nb3Sn LAYER THICKNESS AFTER 
DIFFUSION FOR 24 HOURS AT 725°C 
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k H 
Hc(0) NORMAL   RESISTIVE  STATE 
SUPERCONDUCT-^ 
IING   STATE       X     T 
(a) 
A H 
Hr (0) 
H„  (0) 
NORMAL   RESISTIVE  STATE 
SUPERCONDUCT- 
ING  STATE 
i 
(b) 
FIG.1 (a) TYPE I SUPERCONDUCTOR 
(b) TYPE H SUPERCONDUCTOR 
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in 
w b 
o 
t z 
2 
E 
o 
10 12 14 16 18 
TEMPERATURE (DEGREES KELVIN) 
20 22 24 
FIG. 2 'CRITICAL MAGNETIC FIELD'VERSUS 'TEMPERATURE' FOR 
SOME TYPE II SUPERCONDUCTORS 
Note: Portions of the curves shown by broken lines 
indicate that the magnetic field can be 
generated only by pulses. 
(COURTESY - SCIENTIFIC AMERICAN, NOV. '80) 
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FIG. 3 EFFECT OF TENSILE STRAIN AT 4.2 K ON 
(a) CRITICAL TEMPERATURE 
(b) CRITICAL CURRENT 
THE CURVES ARE FOR DIFFERENT BRONZE TO NIOBIUM RATIOS 
(COURTESY: TREATISE ON MTLS. SCIENCE AND TECHNOLOGY, 
Vol. 14) 
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ASSEMBLED BILLET 
HOT EXTRUSION (~750°C) 
MULT I FILAMENTARY ROD 
WIRE DRAWING WITH NUMEROUS 
INTERMEDIATE ANNEALS (~450°-500°C) 
REASS EMBLY 
MULTIFILAMENTARY WIRE 
DIFFUSION ANNEAL 
Nt>3Sn SUPERCONDUCTING WIRE 
FIG. 4 PRODUCTION OF Nt>3Sn SUPERCONDUCTING 
WIRE BY THE 'BRONZE' TECHNIQUE 
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WEIGHT PERCENT TIN 
FIG. 5 COPPER RICH SIDE OF THE COPPER-TIN PHASE DIAGRAM 
(COURTESY: METALS HANDBOOK, Vol. 8) 
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COPPER CAP SILVER SOLDER CAP 
BRONZE 
SLEEVE 
NIOBIUM 
CORE 
(a) 
(b) 
FIG.6   CROSS-SECTIONAL VIEW  THROUGH ASSEMBLED 
BILLET  FOR 
(a) HYDROSTATIC EXTRUSION 
(b) WIRE DRAWING . 
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M0DEL6 FLUID EXTRUSION UNIT WITH 
AUTOMATIC RATIO RECEIVER PRESSURE CONTROL 
FIG.   7    SECTION VIEW THROUGH THE MODEL  6 FLUID EXTRUSION UNIT 
Designed by Dr.  A.  Austen,  Bethlehem. 
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FIG. 8 OVERALL VIEW OF THE EQUIPMENT USED FOR HYDROSTATIC 
EXTRUSION 
FROM LEFT TO RIGHT - MODEL 6 FLUID EXTRUSION UNIT 
UNDER COMPRESSION; DEFLECTOMETER ON STAND; BALDWIN 
CONTROLS; STRIP RECORDER THAT PLOTS APPLIED LOAD 
VS. RAM DISPLACEMENT. 
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FIG. 9 HYDROSTATICALLY EXTRUDED NIOBIUM/BRONZE WIRE. 
FROM BOTTOM TO TOP: ASSEMBLED BIMETALLIC BILLET; 
ONE OF THE INTERMEDIATE PRODUCTS; FINAL PRODUCT 
OF 0.607 mm. DIAMETER. 
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< O 
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FIG.10 (a) STICK SLIP   PHENOMENON 
(b) ORDINARY  HYDROSTATIC  EXTRUSION 
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s> 
FIG. 19 LONGITUDINAL (x 100) AND TRANSVERSE (x 13) CROSSECTION 
THROUGH A BIMETALLIC BRONZE/NIOBIUM SPECIMEN BEFORE 
DIFFUSION 
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FIG. 20 BRONZE-NIOBIUM INTERFACE (x 3000) 
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Q.) 
1 micron f—| 
FIG. 21  Nb3Sn LAYER IN A WIRE DRAWN SPECIMEN THAT HAS A BRONZE 
TO NIOBIUM RATIO OF 2.25 AND HAS BEEN GIVEN A DIFFUSION 
TREATMENT FOR 24 HOURS AT 725°C. WHITE BALLS ARE l.ly 
MONODISPERSE POLYSTYRENE BALLS,  (x 4000) 
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FIG. 22 NB^SN GROWTH RATE IN HYDROSTATICALLY EXTRUDED 
AND WIRE DRAWN SAMPLES AT 725° C 
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